The strong light emission and absorption exhibited by single atomic layer transitional metal dichalcogenides in the visible to near-infrared wavelength range makes them attractive for optoelectronic applications. In this work, using two-pulse photovoltage correlation technique, we show that monolayer molybdenum disulfide photodetector can have intrinsic response times as short as 3 ps implying photodetection bandwidths as wide as 300
scales, is therefore important. Previously, ultrafast optical/THz pump-probe as well as ultrafast photoluminescence techniques have been used, by the authors and others, to study the ultrafast carrier dynamics in metal dichalcogenides and in molybdenum disulfide (MoS 2 ) in particular 17, [21] [22] [23] [24] [25] [26] [27] .
In these measurements, free-carrier recombination dynamics, exciton formation and recombination dynamics, refractive index changes, optical/THz intraband and interband conductivity changes, as well as the dynamics associated with carriers trapped in optically active midgap defects are all expected to play a role to varying degrees and, consequently, the results have been difficult to interpret and reconcile.
In this letter, we present experimental results on ultrafast two-pulse photovoltage correlation (TPPC) measurements on monolayer MoS 2 metal-semiconductor photodetectors. In TPPC measurements, a photodetector is excited with two identical optical pulses separated by a time delay and the integrated detector photoresponse (either photovoltage or photocurrent response) is recorded as a function of the time delay. TPPC thus uses the photodetector to perform an optical correlation measurement. The nonlinearity of the photoresponse with respect to the optical pulse energy enables one to determine ultrafast intrinsic temporal response of the detector with sub-picosecond resolution [12] [13] [14] [15] [16] . Our measurements show that the photovoltage is suppressed when the two optical pulses arrive together indicating a saturation of the photoresponse. As the time delay between the two pulses is increased from zero, the photovoltage recovers, and the recovery, as a function of the time delay, exhibits two distinct timescales: (i) a fast timescale of the order of 3 to 5 ps, and (ii) a slow timescale of around 80 to 110 ps. These two timescales are found to be largely independent of the temperature, exhibits only a mild dependence on the pump fluence, and varies a little from sample to sample. Between 50%-75% of the photovoltage correlation response recovers on the fast timescale implying that ultrafast TMD photodetectors with (8 dB) current modulation bandwidths in the 200-300 GHz range are possible. The fast response speed is a result of the short lifetime of the photoexcited carriers. Since TPPC measures the photovoltage (or photocurrent), this technique is sensitive only to the total photoexcited carrier population, including both bound (excitons) and free carriers, that contributes to the photoresponse. TPPC therefore also offers important and unique insights into the carrier recombination dynamics. The temperature and pump fluence dependence of our TPPC results are consistent with defect-assisted recombination as being the dominant mechanism, in which the the photoexcited electrons and holes, both free and bound (excitons), are captured by defects via Auger scattering 28 . Strong Coulomb interactions in 2D TMDs, including the correlations in the positions of free and bound electrons and holes arising from the attractive interactions, result in large carrier capture rates by defects via Auger The current source I 2 (t, ∆t) represents the short circuit current response of the junction in response to two optical pulses separated by time ∆t. R j is the resistance of the metal-MoS 2 junction. R MoS2 is the resistance of the MoS 2 layer. R ext is the external circuit resistance (including the ∼10 MΩ input resistance of the measurement instrument).
scattering 28 . Our results underscore the trade-off between speed and quantum efficiency in TMD photodetectors.
I. RESULTS

A. Two-Pulse Photovoltage Correlation Technique
Microscope image of a monolayer metal-MoS 2 photodetector is shown in Figure 2 (a), and the schematic in Figure 2 (b) depicts the setup for a two-pulse photocurrent/photovoltage correlation (TPPC) experiment. A ∼80 fs, 905 nm (1.37 eV) center wavelength, optical pulse from a ∼83 MHz repetition rate Ti-Sapphire laser is frequency doubled to 452 nm (2.74 eV, ∼150 fs) by a beta-BaB 2 O 4 crystal, then mechanically chopped at 1.73 KHz, and then split into two pulses by a 50/50 beam splitter. The time delay ∆t between these two pulses is controlled by a linear translation stage. The resulting voltage across the photodetector is measured as a function of the time delay between the pulses using a lock-in amplifier with a 10 MΩ input resistance. In experiments, the maximum photoresponse was obtained when the light was focused on the sample near one of the metal contacts of the device, and the photoresponse decayed rapidly as the center of the focus spot was moved more than half a micron away from the metal contact. The direction of the DC photocurrent, and the resulting sign of the measured DC photovoltage are shown in Figure   2 (b), and were determined without using the lock-in. Photovoltage was always positive at the contact near which the light was focused. . If the time-dependent short circuit current response of the illuminated junction to a single optical pulse is I 1 (t), and to two optical pulses separated by time ∆t is I 2 (t, ∆t), and the external resistance R ext is much larger than the total device resistance, then the measured DC voltage V c (∆t) is approximately equal to (R j /T R ) I 2 (t, ∆t) dt, where T R is the pulse repetition period, R j is the resistance of the metal-MoS 2 junction, and the time integral is over one complete period. As the time delay ∆t becomes much longer than the duration of I 1 (t), one expects V c (∆t) to approach (2R j /T R ) I 1 (t) dt.
B. Experimental Results
3(a)
shows the measured two-pulse photovoltage correlation signal V c (∆t) plotted as a function of the time delay ∆t between the pulses. The substrate temperature is 5K, the gate bias is 0 V, and the pump fluence is 8 µJ cm −2 . V c (∆t) is minimum when the two pulses completely overlap in time (i.e. when ∆t = 0). This implies, not surprisingly, that the photovoltage response of the detector to an optical pulse is a sublinear function of the optical pulse energy. As ∆t increases from zero, V c (∆t) also increases from its minimum value at ∆t = 0. As ∆t becomes much longer than the duration of the response transient of the detector to an optical pulse, V c (∆t) approaches a constant value. The timescales over which V c (∆t) goes to the constant value are related to the timescales associated with the response transient of the detector to an optical pulse. These timescales are better observed in the measured data if the magnitude of ∆V c (∆t), defined as V c (∆t) − V c (∞), is plotted on a log scale, as shown in Figure 3(b) . The plot in Figure 3 (b) shows two distinct timescales: (i) a fast timescale of ∼4.3 ps, and (ii) a slow timescale of ∼105 ps. In different devices, the fast timescales were found to be in the 3-5 ps range, and the slow timescales were in the 90-110 ps range. The fast timescales imply (8 dB) current modulation bandwidths wider than 300 GHz.
Measurements were performed at different temperatures and using different pump pulse fluences in order to understand the mechanisms behind the photoresponse and the associated dynamics. Understanding the ultrafast photoresponse of the detector, and in particular the short circuit current response I 2 (t, ∆t), is important for interpreting the experimental results. Figure 4 photoexcitation with an optical pulse. Given the Schottky barrier height of 100-300 meV 8 , the width of the MoS 2 region near the metal with a non-zero lateral electric field is estimated to be to ∼100-300 nm 29 . As a result of light diffraction from the edge of the metal contact, light scattering from the substrate, and plasmonic guidance, a portion of the MoS 2 layer of length equal to a few hundred nanometers is photoexcited even underneath the metal (Supplementary Figure 1 and Note 1). The photoresponse of graphene photodetectors has been explained in terms of contributions from photovoltaic and photothermoelectric contributions [12] [13] [14] [15] [16] 30 . In our MoS 2 samples, the carrier mobilities and diffusivities are 2-3 orders of magnitude smaller than in graphene and the time period in which most of the photoexcited carriers recombine and/or are captured by defects is in the few picoseconds range 17, [25] [26] [27] [28] . Assuming similar mobilities and diffusivities of electrons and holes in MoS 2 , the photoexcited carriers, both free and bound (excitons), move, either by drift in the junction lateral electric field or by diffusion, less than ∼10 nm in 5 ps before they recombine and/or are captured by defects. The photoexcited carrier distributions therefore do not change significantly in space during their lifetime. Separation of electrons and holes either by the junction lateral electric field or at the metal-MoS 2 interface will contribute to the integral
(the measured dependence of the photoresponse on the junction electric field and the gate voltage is discussed in the Supplementary Figure 3 , Figure 4 and Note 4. We assume that the integral
tary Note 2). Here, p (t, ∆t) and n (t, ∆t) are the time-dependent photoexcited electron and hole densities in the junction, including carriers both free and bound (excitons). This assumption, although simple, allows one to relate the measured photoresponse to the carrier dynamics and, as shown below, the results thus obtained are in excellent agreement with the experiments. We expect that on much longer timescales, when the photoexcited carriers have recombined or been captured, the photoresponse is entirely thermoelectric in nature, as is the case in metal-graphene photodetectors 12,14-16, 30 . But in this letter we focus on the dynamics occurring on only short timescales.
D. Carrier Capture/Recombination Model and Comparison with Data
It is known that most of the photoexcited carriers in monolayer MoS 2 recombine non- 
II. DISCUSSION
Our results reveal the fast response time and the wide bandwidth of metal-MoS 2 photodetectors and show that these detectors can be used for ultrafast applications. Our results also shed light on the carrier recombination mechanisms and the associated timescales. Although we focused mainly on the carrier dynamics in this paper, the device intrinsic resistances and capacitances are not expected to fundamentally limit the device speed because of the rather small capacitances 
a). Carrier densities and mobilities in the devices
were determined using electrical transport measurements on devices of different dimensions. The devices were found to be n-doped with electron densities around 1 × 10 12 -2 × 10 12 cm −2 (under zero gate bias). The intrinsic doping was attributed to impurities and defect levels 8 . The electron mobility in the devices was found to be in the 15 − 20 cm 2 V −1 s −1 range at 5K. The zero gate bias device resistance was typically less than 1 MΩ at all temperatures for a 10×10 µm 2 area device.
While the device resistance decreased under a positive gate bias, no signature of hole conduction was observed even when a large negative gate bias was applied indicating that the Fermi level in the MoS 2 layer was likely pinned at defect levels within the bandgap under a negative gate bias.
The devices were mounted in a helium-flow cryostat and the temperature was varied between 5K
and 300K during measurements. The zero gate bias device resistance was found to be a function of the temperature and decreased almost linearly with the temperature from ∼1 MΩ at 5K to values 5-7 times smaller at 300K. The total device resistance was dominated by the metal Schottky contacts to the device. For example, at 5K the resistance contributed by the 10×10 µm 2 area MoS 2 strip is estimated to be in the 0.10-0.20 MΩ range (from the measured mobility values), which is approximately only one-tenth to one-fifth of the total device resistance. The reported Schottky barrier heights between similarly n-doped monolayer MoS 2 and Au/Cr contacts are in the 100-300 meV range 8 . Depending on how strongly the Fermi level gets pinned at the defect levels in the bandgap, the lateral potential drop in the MoS 2 layer at the metal-MoS 2 interface (depicted in Figure 4 (a)) could be equal to or smaller than the Schottky barrier height.
B. TPPC Experiment Setup
In the TPPC measurements, the two 452 nm optical pulses were cross-polarized to minimize interference and focused onto the device using a 20X or a 100X microscope objective resulting in a minimum focus spot size of around 0.75 µm. Optical absorption in monolayer MoS 2 layers was characterized using a confocal microscope based relection/transmission setup 17 and yielded around 11%-12% absorption (single-pass) in monolayer MoS 2 on oxide at 452 nm (pump pulse wavelength). Measurement of the photovoltage using a high input impedance voltage amplifier (Lock-in in our case) was found to give a much better signal-to-noise ratio than the measurement of the photocurrent directly using a low input impedance transimpedance amplifier. 
Junction
The nature of the ultrafast photoresponse of the metal-MoS 2 junction is discussed here. Figure   3 (a) in the article depicts the band diagram of the metal-MoS 2 junction (plotted in the plane of the MoS 2 layer) after photoexcitation with an optical pulse. Given the Schottky barrier height of 100-300 meV [1] , the width of the MoS 2 region near the metal with a non-zero lateral electric field is estimated to be to ∼100-300 nm [2] . Note that the lateral electric field right underneath the metal is expected to be very small. As a result of light diffraction from the edge of the metal contact, light scattering from the substrate, and plasmonic guidance, a portion of the MoS 2 layer of length equal to a few hundred nanometers is photoexcited even underneath the metal (see the discussion above). Assuming similar mobilities and diffusivities of electrons and holes in MoS 2 , the photoexcited carriers, both free and bound (excitons), move, either by drift in the junction lateral electric field or by diffusion, less than ∼10 nm in 5 ps before they recombine and/or are captured by defects. The photoexcited carrier distributions therefore do not change significantly in space during their lifetime.
The ultrafast current response I 2 (t, ∆t) of a short circuited junction in response to two timedelayed optical pulses is expected to be fairly complicated. In TPPC experiments the quantity measured is the time integral I 2 (t, ∆t) dt (∝ V c (∆t)). The motion of the photoexcited electrons and holes in a short circuited junction causes capacitive (i.e. displacement) currents in the external circuit in order to keep the potential across the shorted junction from changing in accordance with the Ramo-Shockley theorem [3, 4] . However, if the photoexcited carriers recombine before they make it out into the circuit then the net contribution of the capacitive currents to the integral I 2 (t, ∆t) dt is identically zero.
Photoexcited electrons and holes can be separated before they form excitons by the lateral electric field in the junction and this constitutes the standard drift current contribution to the detector short circuit current response I 2 (t, ∆t) dt. A photoexcited electron and a hole (free or belonging to an exciton) in the MoS 2 layer underneath the metal can also be separated at the metal-MoS 2 heterojunction. The hole can tunnel into the metal leaving behind the electron which is then swept by the lateral electric field to the opposite side of the junction. The electron can also tunnel into the metal leaving behind the hole which will then have a difficult time traversing the lateral field region (moving against the electric field) and making it to the opposite side of the junction. This argument shows that even if the probabilities of the electron and the hole tunneling into the metal are similar, the lateral field in the junction ensures that the process in which the hole tunnels into the metal makes the dominant contribution to the short circuit current response I 2 (t, ∆t) dt. The experimentally measured sign of the photovoltage, and the photocurrent (see Figure 1 (b) in the article), agrees with the above arguments.
The discussion above shows that the short circuit current response I 2 (t, ∆t) dt is proportional to the junction lateral electric field strength, and to the time integral of the photoexcited free electron and hole densities as well as to the time integral of the bound (exciton) electron and hole densities. Assuming similar electron and hole mobilities, one may write,
Here, n f/b (t, ∆t) and p f/b (t, ∆t) are the spatially-averaged free/bound (f/b) photoexcited electron and hole densities in the junction, respectively. Since photoexcited electrons and holes don't have time to move much before they recombine and/or are captured by defects, spatial dynamics of the carrier densities are not important. The constants k f and k b capture the difference in the relative contributions from free and bound carriers to the current response. If one assumes that k f ≈ k b then,
where n (t, ∆t) and p (t, ∆t) are the total photoexcited electron and hole densities in the junction, respectively, including carriers both free and bound (excitons). The assumption k f ≈ k b will hold if the short circuit current is dominated by the free and bound electrons and holes that get separated at the metal-MoS 2 heterojunction. Since the junction resistance R j is expected to be largely determined by the transport across the metal-MoS 2 heterojunction rather than by the transport across the MoS 2 region, the assumption k f ≈ k b is a decent approximation if not an excellent one.
Supplementary Note 3: High Frequency and Low Frequency Circuit Models of the
Metal-MoS 2 Junction
A circuit model of the photodetector is shown in Supplementary Figure 2 
Here, the total device resistance R d equals 2R j + R MoS 2 , T R is the period of the optical excitation, and the time integrals above are performed over one complete period. The approximate equality above follows from the fact that in our experiments, R ex >> R d . Note that all the capacitances drop out in the expression for V c (∆t). Therefore, one can use the low-frequency circuit model shown in Figure 1 (c)(in the article) when calculating V c (∆t).
It is instructful to determine whether the intrinsic device resistances and capacitances could 
If one ignores the parasitic capacitance C p then the circuit bandwidth is set by the time constant R j C j . The junction resistance R j is dominated by the metal-semcionductor contact resistance. In the case of MoS 2 , the contact resistance values are in the 1-10 kΩ-µm range at room temperature [8] .
Because of the 2D nature of the metal-semiconductor junction, the junction capacitance C j is very small and entirely due to the fringing fields. For a ∼50 nm thick metal contact layer, C j is estimated to be less than .03 fF/µm [2] . Therefore, the relevant time constant is estimated to be shorter than a picosecond. The short circuit current response is (assuming R ext = 0),
In this case, the circuit bandwidth is set by the time constant in-plane electric field with the gate voltage is hard to predict since the result could depend on the degree of Fermi level pinning on defect states within the bandgap in MoS 2 . Nevertheless, one would expect the measured photoresponse to also increase with the gate voltage since, as argued in this paper, the photoresponse is proportional to the in-plane electric field [5] .
Supplementary Figure 4 shows the measured |∆V c (∆t)| plotted as a function of the time delay ∆t between the pulses for different gate bias values: -3, 0, 3, 6 V. T =300K. The pump fluence is 8 µJ cm −2 . As in Figure 2 (b,c) in the article, two distinct time scales are observed in the dynamics and, within the accuracy of our measurements, these time scales are largely independent of the gate bias. As expected from our model, the overall signal level increases with the gate bias.
Supplementary Note 5: Theoretical Model for Carrier Capture and Recombination via Auger Scattering
We use the model for carrier capture by defects via Auger scattering in MoS 2 [6, 7] to model our experimental TPPC results. The model assumes carrier capture by two different defect levels, one fast (f ) and one slow (s). Keeping only the dominant Auger capture processes in an n-doped sample, and ignoring carrier emission processes for simplicity, the rate equations for the carrier densities and defect occupation probabilities with photoexcitation by two time-delayed optical pulses can be written as follows [6] ,
Here, n(t, ∆t) and p(t, ∆t) are the total electron and hole densities, respectively, including both free and bound (excitons) carriers and n(t, ∆t) = n o + n (t, ∆t), where n o is the doping density.
F f/s are the defect occupation probabilities. A f/s and B f/s are the Auger capture rate constants for electrons and holes, respectively. n f/s are the defect densities. I p (t) is the optical pulse intensity (µW cm −2 ) and g, determined from the measured MoS 2 optical absorption at the wavelength of the optical pulse excitation, equals ∼2.5×10 11 (µJ) −1 and corresponds to around 11% absorption in monolayer MoS 2 on oxide at 452 nm wavelength [6] . In our n-doped sample, the defects are assumed to be fully occupied before photoexcitation. The above rate equations can be solved in time and the resulting photoexcited carrier densities integrated in time to yield the measured photovoltage correlation signal (up to a multiplicative constant). The results are shown in Supplementary Figure   5 (a-c) and compared with the measurement results.
The values of the fitting parameters used in the theoretical model to fit the experimental data (see Figure 3 in the article) are listed in Supplementary Table 1 . These values are almost identical to the values extracted from direct optical pump-probe measurements of the carrier dynamics in monolayer MoS 2 [6] . The value of the doping density, n o ∼ 8 × 10 11 cm −2 , needed to obtain a good match with the experiments is much smaller than the doping density determined from electrical transport measurements. This difference is attributed to the fact that the carrier density in MoS 2 near the metal contact is indeed much smaller than in the bulk of the device (see the energy band diagram in Figure 3 (a) in the article).
In the simulations, we assumed, for simplicity, that the defect occupation probability before 
